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Abstract 
Objectives 
To identify distinct age-related trajectory classes of body mass index (BMI) z-scores 
from childhood to adolescence, and to examine the association of these trajectories with 
measures of standing sagittal spinal alignment at 14 years of age. 
Methods 
Adolescents participating in the Western Australian Pregnancy Cohort (Raine) Study 
contributed data to the study (n=1373). Age and gender specific z-scores for BMI were 
obtained from height and weight at age 3, 5, 10 and 14 years. Latent class group analysis 
was used to identify six distinct trajectory classes of BMI z-score. At age 14 years, 
adolescents were categorised into one of four subgroups of sagittal spinal posture using 
k-means cluster analysis of photographic measures of lumbar lordosis, thoracic kyphosis 
and trunk sway. Regression modeling was used to assess the relationship between 
postural angles and subgroups and different BMI trajectory classes, adjusting for gender. 
Results 
Six trajectory classes of BMI z-score were estimated; Very Low (4%), Low (24%), 
Average (34%), Ascending (6%), Moderate High (26%) and Very High (6%). The 
proportions of postural subgroups at age 14 were; Neutral (29%), Flat (22%), Sway 
(27%) and Hyperlordotic (22%). BMI trajectory class was strongly associated with 
postural subgroup, with significantly higher proportions of adolescents in the Very High, 
High and Ascending BMI trajectory classes displaying a Hyperlordotic or Sway posture 
than a Neutral posture at age 14.  
Conclusions 
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This prospective study provides evidence that childhood obesity, and how it develops, is 
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Introduction  
 
Obesity has increased in adults and children (1-3).  This is concerning, as obesity is a risk 
factor for many health disorders.  The development of obesity has been investigated 
utilising latent class analysis to identify different growth trajectories of body mass index 
(BMI) during childhood and adolescence, followed by assessment of relationships 
between trajectories and multiple factors (4-7).  Using this approach chronic childhood 
obesity has been linked with increased risk of depression in males and oppositional 
defiant disorder in both sexes (5).  This method has merit for investigating the impact of 
obesity on musculoskeletal development, an area in need of more research (8).  One 
aspect of this is the relationship between obesity and posture. 
 
In adults there appears to be a relationship between sagittal spinal alignment and load 
secondary to body weight.  Obese subjects have increased thoracic kyphosis and 
hyperlordosis in the lumbar spine during usual standing (9).  Pregnancy may also result in 
increased lumbar lordosis in usual standing (10, 11), though not always (12). 
 
In children and adolescents there also appears to be a relationship between standing 
posture and weight.  Greater weight at 14 is associated with hyperlordotic and sway 
standing postures (13).  Furthermore, findings from cross-sectional studies with multiple 
age groups show weight during growth to be a factor in sagittal standing posture 
development (14, 15).  In contrast, a longitudinal study of 11 to 22 year olds found no 
relationship between BMI and the development of thoracic kyphosis (16).  Sagittal spinal 
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posture development may be influenced by genetics (17), gender (16, 18-22), exercise 
levels (23), height (14), school furniture (24) and generation (25).  
 
Significant individual variation in sagittal standing posture development through 
childhood and adolescence has been reported (16, 20, 22, 26, 27).  This may represent 
deviations from one ‘ideal’ posture.  However, four distinct subgroups of standing 
postures have been identified in adults (28) and adolescents (13); (i) Neutral, (ii) Sway, 
(iii) Flat Back, and (iv) Hyperlordotic.  Consideration of standing posture subgroups may 
clarify some of the inconsistency in the literature regarding factors influential in posture 
development. 
 
The aims of the present study were; (i) identify distinct classes of BMI trajectories from 
childhood to early adolescence, and (ii) evaluate the association between BMI trajectories 
with subgroups of standing sagittal spinal alignment at 14.  Adolescence is an important 
time in the development of back pain (29, 30).  Improved understanding of the role of 
obesity/BMI in posture development is needed for improved prevention and management 
strategies for posture related back pain.   
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Methods 
 
Data was obtained from the Western Australian Pregnancy Cohort (Raine) Study 
(www.rainestudy.org.au).  This long-term project began was formed as a pregnancy 
cohort in which 2,900 women attending antenatal clinics at a tertiary level obstetric 
hospital in Perth, Western Australia were enrolled in a controlled trial between 1989 and 
1991. 2,868 children born to 2,804 mothers remained with the study to form the Western 
Australian Pregnancy Cohort (Raine) Study, and these children have been followed at 
birth,1, 2, 3, 5, 8, 10, and 14 years of age.  This cohort has a higher proportion of high-
risk births compared with the general Western Australia population (31), consistent with 
the initial subject recruitment occurring at a specialist maternity hospital.  The 
sociodemographic characteristics of the cohort mirrors those of the general Western 
Australian population, except that it has a lower proportion of fathers employed in 
managerial positions with a concurrent higher proportion in professional positions.  The 
ethnicity of the cohort is largely Caucasian (93%).  Children with congenital 
abnormalities were excluded.  Premature (< 37 weeks gestation) and multiple births 
(50 sets of twins, 2 sets of triplets) were included as adjustment for these factors in 
subsequent analyses had negligible effects on the parameters of interest in this 
study. 
 
Standing posture assessment 
Standing sagittal thoracolumbar posture was assessed in 1373 adolescents of mean 
age 14.1 ± 0.2 years.  Retro-reflective markers were placed on the C7 and T12 
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spinous processes and right anterior superior iliac spine (ASIS), greater trochanter 
and lateral malleolus.  Lateral photographs were taken in usual standing looking 
straight ahead.  Marker points were digitised by a single research assistant using the 
Peak Motus motion analysis system (Peak Performance Technologies Inc.; CO, 
USA) and three angular measures describing thoraco-lumbo-pelvic alignment were 
calculated; sway angle, trunk angle and lumbar angle (see Fig. 1).  This procedure is 
described in detail elsewhere (32).  Non–hierarchical (K-means) cluster analysis of 
the standardised scores for the three postural measures was performed to group 
sagittal standing posture into 4 groups: Neutral, Sway, Flat, or Hyperlordotic, as 
previously described (13). 
 
BMI 
BMI was calculated at mean age (standard deviation) of 3.1(0.1), 5.9(0.2), 8.1(0.4), 
10.6(0.2) and 14.1(0.2) years.  BMI analysis is complicated as the relationship between 
body mass and height changes over childhood, with different values of BMI representing 
different cut-offs for definitions of overweight and obesity at different ages (33).  
Therefore the United States of America Centres for Disease Control and Prevention Box-
Cox transformation (34) was used to obtain age and gender specific z-scores for BMI, as 
recommended (35), using a freely available SAS program (36). 
 
Trajectory analysis of BMI z-sores 
There were 2,397 subjects with BMI data from at least one timepoint, with 80% having 
data for three or more.  Multilevel mixed-effects linear regression is a latent growth curve 
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model assuming a continuous, multivariate normal distribution of intercept and slope 
parameters within the population.  In contrast, Latent Class Group Analysis (LCGA) uses 
finite mixture models to estimate discrete groupings of trajectory parameters estimated 
using maximum likelihood.  As the hypothesis that children may have different pathways 
to being overweight has some recent support using LCGA (4, 5, 7), this technique was 
used to form a categorical variable describing the trajectories of BMI z-score.  LCGA 
was performed within SAS using the macro PROC TRAJ (37).  A series of models using 
all available data estimating two to eight latent trajectory classes with linear and 
quadratic terms for each group was systematically fitted and compared using the 
Bayesian Information Criterion (BIC) statistic.  The choice of the number of groups was 
therefore guided by the goal of analysis and confirmation of model adequacy based on 
posterior probability diagnostics (38).  Model validity was confirmed by replicating the 
latent class solution by random split-half sampling.  Subjects were assigned to the 
trajectory group for which they had the highest posterior probability of membership.  
 
BMI trajectories and standing posture subgroup 
Multinomial logistic regression modeling was used to assess the relationship between 
posture subgroups (n=1373) and different BMI trajectories, adjusting for gender.  The 
possibility of uncertainty in trajectory allocation influencing analysis results was checked 
using a model which jointly estimates the parameters defining the trajectories themselves 
and the association of posture/gender covariates with the probabilities of trajectory group 
membership (38). 
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Statistical analysis was performed using SAS 9.1 (SAS Institute, Cary NC) and 
Stata/IC 10.1 (Statacorp LP, College Station TX) and SPSS 13.0 (SPSS Inc., 
Chicago, USA).  A p value less than 0.05 was adopted for significance testing. 
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Results 
Standing posture subgroups 
Characteristics of the four posture subgroups are displayed in Figure 3, with specific 
angular values in Table 1.  The proportions in each subgroup (Figure 3, Table 1) were 
similar to those previously reported in a smaller subgroup of these subjects (13).  There 
was a significant difference in the gender proportions within posture clusters, with a 
higher than expected proportion of males in the Flat subgroup (χ2=27.8, p<0.001), as 
previously reported (13). 
 
Latent trajectories of BMI z-sores 
A six class model was selected as best describing the trajectories of BMI z-scores.  
Although the BIC statistic indicated a progressively better fit with the addition of each 
class, improvement in fit displayed a relative plateau at the six class solution.  The six 
class model revealed an ‘ascending’ trajectory which was not identified in a five class 
model, and addition of further classes did not reveal further ascending or descending 
classes but rather split existing classes into finer gradations of the relatively stable 
trajectories.  Split half random sampling of the six class model identified similar 
proportions of the trajectories identified initially.  The six class solution demonstrated 
good model fit based upon posterior probability diagnostics; average posterior 
probabilities of membership for each class were all above 0.75, odds of correct 
classification ranged from 8 to 250 for the six classes, and there was close 
correspondence between estimated population proportions and sample class proportions. 
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The six class model (Figure 2), consisted of: (i). a ‘Very Low’ class displaying a slight 
linear increase in very low scores (4.2% of the sample), (ii) a ‘Low’ class displaying 
below average scores (23.6%), (iii) an ‘Average’ class displaying average scores 
following a slight initial decrease (33.6%), (iv) an ‘Ascending’ class with below average 
scores at year 3 which increased to above average scores during childhood with some 
leveling off into adolescence (6.5%), (v) a ‘Moderate High’ class displaying slightly 
increasing, above average scores over childhood leveling to scores in the overweight 
range (i.e. above 85th percentile) of just above z=1 in late childhood (26.1%) and (vi) a 
‘High’ class displaying consistently high scores in the overweight range (i.e. above 95th 
percentile) of approximately z=2 (6.0%).  There were approximately equal numbers of 
males and females in each class, except the ‘high’ class of which 87 of 144 (60.4%) 
members were male, but this was not a statistically significant difference (χ25=8.22, 
p=0.145). 
 
Association between trajectories of BMI z-scores and posture subgroups 
There were significant associations between posture subgroups and the latent classes of 
BMI z-scores trajectories (Table 2, Figure 4).  Figure 4 displays higher proportions of the 
Very High, High and Ascending classes and lower proportions of the two lower classes in 
the Hyperlordotic subgroup compared to the Neutral subgroup.  A similar though less 
extreme pattern of contrast was observed in the Sway compared with Neutral subgroup.  
The Flat and Neutral subgroups had similar proportions of each trajectory class.  
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The statistical significance of these patterns was confirmed by multinomial logistic 
regression analysis adjusted for gender (Table 2).  The three above-average trajectories, 
particularly Very High, displayed significantly higher risk than the Average trajectory for 
membership of the Hyperlordotic subgroup versus the Neutral subgroup, while the Low 
trajectory displayed a significantly lower risk (Table 2).  Likewise, the three above-
average trajectories had significantly higher risk than the Average trajectory for 
membership of the Sway subgroup versus the Neutral subgroup, although the risk ratios 
for this group were lower than those of the Hyperlordotic subgroup (see Table 2).  The 
High trajectory did not display a significantly greater risk than the Ascending trajectory 
for membership of the Hyperlordotic subgroup versus the Neutral subgroup (p=0.20) or 
for membership risk of the Sway subgroup (p=0.57).  There was no significant difference 
in risk for membership of the Flat subgroup versus the Neutral subgroup for any 
trajectory class. 
 
The three angular posture measures that were used to estimate the posture subgroups 
were significantly associated with BMI z-score trajectory class membership (Table 2).  
The Very High trajectory had a mean Lumbar angle 3.20 less than the Average trajectory 
(95% CI: 0.70 to 5.70, p=0.013), and the High trajectory had a mean Lumbar angle 2.80 
less (95% CI: 1.40 to 4.30, p<0.001).  The Very High trajectory had a mean Trunk angle 
10.50 more than the Average trajectory (95% CI: 8.60 to 12.50, p<0.001), the High 
trajectory 3.40 more (95% CI: 2.30 to 4.60, p<0.001), the Ascending trajectory 3.40 more 
(95% CI: 1.70 to 5.00, p<0.001), and the Low trajectory 1.70 less (95% CI: 0.60 to 2.80, 
p=0.003).  The High trajectory had a mean Sway angle 1.10 less than the Average 
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trajectory (95% CI: 0.40 to 1.80, p=0.004), while the Very Low trajectory had 2.30 more 
(95% CI: 0.90 to 3.80, p=0.002).  The High trajectory did not display significantly 
different posture angles to the Ascending trajectory (p=0.32, 0.92 and 0.13 for Lumbar, 
Trunk and Sway angle respectively). 
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Discussion 
 
BMI z-score trajectories 
This study identified six trajectory classes of BMI z-scores over childhood and early 
adolescence.  Five of these were relatively stable with only one exhibiting an ascending 
pattern.  The two trajectories with the highest z-scores showed tracking of overweight 
and obesity from childhood into adolescence.  The two lowest trajectories did not 
appear to differ substantially in outcomes assessed in this study and could be 
combined in future studies. A number of recent studies have used within-person latent 
growth mixture modeling to investigate the presence of distinct patterns of weight status 
over childhood and adolescence.  Li et al (4) estimated three latent trajectories in children 
aged 2-12 years based on binary categories of above and below the 95th percentile for age 
and gender as defined by the CDC growth charts; never overweight (84%), early onset 
overweight (11%) and late onset overweight (5%).  Mustillo et al (5) estimated four 
trajectories in adolescents aged 9-16 years, based on the same binary categories; no 
obesity (73%), chronic obesity (15%), childhood obesity (5%) and adolescent obesity 
(7%).  Ventura et al (7) estimated four latent trajectories in girls aged 5 to 15 years based 
on raw BMI scores, which were named based on how they related to CDC growth chart 
percentile curves; upward percentile crossing (14%), delayed downward percentile 
crossing (20%), 60th percentile tracking (29%) and 50th percentile tracking (37%).  
Nonnemaker et al (6) also used raw BMI scores to estimate four latent trajectories in an 
accelerated longitudinal study of adolescents and young adults aged from 12 -23; high 
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risk for obesity (4%), moderate-to-high risk (16%), low-to-moderate risk (36%) and low 
risk (44%).  
 
Use of different indicators of weight status makes comparisons across different models 
difficult.  Categorical approaches define trajectories only in terms of the presence or 
absence of overweight, so trajectories become ones of ‘likelihood of being classified as 
overweight’.  Use of raw BMI scores allows further characterization of trajectories in 
subjects whose scores over the time period do not approach overweight status.  However, 
the use of raw BMI scores do not allow any tracking of a subjects’ rank order within BMI 
distributions.  Changes in means and shapes of BMI distributions over gender and ages 
complicates interpretation of trajectories based upon raw BMI scores. Comparisons 
between the trajectory classes estimated in this study and previous studies are further 
complicated by differences in span of time measured (5, 6) measured versus self-report 
BMI (6), both versus single gender (7), traditional versus accelerated longitudinal design 
(6) and population differences in race/ethnicity (4, 6). 
 
Using age and gender specific z-scores for BMI enabled estimation of trajectories at less 
than very high BMI levels, estimation of how individuals tracked according to their rank 
order of BMI in the population, eliminated the need for age and gender adjustment within 
the trajectory estimation procedure, and provided the most meaningful measure to 
examine the relationship between the change in the load of body weight on the posture of 
the developing spine. 
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It should be emphasized that changes in BMI over childhood and adolescence is not 
equivalent to measuring changes in body composition.  While lean body mass appears to 
consistently increase with increasing BMI percentile, body fat has more complex 
relationships dependent upon gender, age and level of BMI percentile (39).  Thus 
increased load on the musculoskeletal system inherent to the higher level trajectories 
described in the present study can be comprised of various proportions of lean body 
tissue and fat.  How this factor, plus differences in fat distribution in the body and 
differences in muscle bulk, effect the development of posture are important issues for 
further consideration. 
 
BMI trajectories and posture 
This study identified significant prospective associations between childhood BMI z-score 
trajectory classes and adolescent posture subgroups as well as single measures of sagittal 
posture.  This suggests a role for body load in the development of sagittal spinal 
curvature across the lumbar and thoracic spine, consistent with other studies 
demonstrating a cross-sectional relationship between body weight and sagittal spinal 
posture (14, 15).  The findings of relationships between BMI trajectories and posture 
subgroups are timely in light of a recent call for increased understanding of the effect of 
obesity on the development of the musculoskeletal system (8). 
 
Despite similar endpoints, High and Ascending trajectories had different patterns of 
change in BMI z-score over childhood, with the Ascending trajectory beginning at less 
than average scores and gradually rising to above average scores, while the High 
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trajectory displayed above average values throughout childhood.  However, these two 
trajectory classes were at a similar increased risk for Sway or Hyperlordotic posture.  
This suggests that load increases in later childhood/early adolescence may be as 
important as increased load in early childhood in the development of hyperlordotic and 
sway postures.  
 
The relationship between the higher level trajectories and non-neutral postures may not 
be a simple effect of load.  It is known that mental state can influence posture (40, 41) 
and likewise obesity may negatively influence psychological status (5, 42-44).  Thus, 
higher BMI could potentially negatively affect mental wellbeing that then has a 
secondary effect on posture.  Lifestyle factors, such as exercise levels have also been 
reported to influence the development of posture (23).  Decreased physical activity could 
lead to obesity and muscle deconditioning, with deconditioning then influencing posture.  
 
Consideration of patterns of deviation of the entire thoracolumbar spine from neutral, by 
clinically well-recognized posture subgroups identified from the combination of 
measures, gave a clearer picture of the association between non-neutral postures and BMI 
trajectory groups than analysis by single angles, although significant differences were 
also observed in these measures. Not considering subgroups of spinal posture may in part 
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Clinical implications 
The results suggest postural adaptations to body weight are occurring in the developing 
spine.  This is cause for concern as positional change may influence the morphology of 
bone, disc and other spinal structures.  This could provide a direct physical link to the 
experience of back pain. 
 
Both single measures and subgroups of sagittal spinal posture have been associated with 
back pain in adolescence and adulthood (13, 45-53).  Significantly, non-neutral 
standing posture subgroups at 14 are associated with increased experience of back 
pain (13).  Adolescents in the Very High, High and Ascending BMI trajectories are at 
increased risk of having sagital standing postures associated with back pain. Membership 
of these BMI trajectories could potentially result in permanent alterations in spinal 
posture secondary to body load in childhood, and adolescents may carry an increased risk 
for poor spinal health throughout life.  Obese (>95th percentile BMI) and overweight 
(>85th percentile BMI) children are at greater risk of hyperlordotic or sway postures 
in adolescence. The mechanism for the increased risk of LBP in these postural 
subgroups has been proposed to be related to increased extension loading of the 
spine stabilising structures (52).  These postural subgroups have also been reported 
to be associated with specific spinal pathologies in adulthood (28) suggesting these 
body postures may have a detrimental effect on spinal structures across the lifespan. 
These findings support early targeted interventions to prevent obesity in order to 
reduce the burden of LBP and other related co-morbidities.  
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Additionally, emerging literature suggests reciprocal associations between posture and 
emotion (41, 54, 55), raising the possibility that spinal posture may have an influence 
upon mental health.  However, the evidence for an association between sagittal spinal 
posture and various health conditions is currently weak due to a lack of high quality and 
prospective studies (56).  This study highlights obesity as a potentially important 
confounder of the relationship between posture and health. 
 
Conclusion 
This study provides a detailed description of developmental BMI z-score trajectories, 
with five of six trajectory classes in the model demonstrating tracking of z-scores 
between the ages of 3 and 14, with the sixth displaying increasing z-scores from ages 3 to 
10.  Hyperlordotic and Sway standing postures were more commonly associated with 
Very High, High and Ascending BMI trajectories suggesting obese and overweight 
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Captions to Figures 
 
Figure 1:  Angular measures used to describe sagittal spinal alignment in a usual 
standing position.  
 
 
Figure 2: Trajectories of body mass index (BMI) z-scores in a six class model following 
latent class group analysis. Follow-up points are age in years. 
 
 
Figure 3: Characteristics of the four sagittal standing posture subgroups.  Percentages 
represent group membership numbers. 
 
 
Figure 4: Body mass index (BMI) z-score trajectory frequencies within the postural 
subgroups. 
 








A. Sway Angle B. Trunk Angle C. Lumbar Angle 
Figure 2: Trajectories of body mass index (BMI) z-scores in a six class model following  
latent class group analysis. Follow-up points are age in years. 
 
 
Figure 3: Characteristics of the four sagittal standing posture subgroups. Percentages  
represent group membership numbers. 
 














Forward Trunk Lean 
-higher sway angle 
Less Kyphosis 
-lower trunk angle 
Flattened Lordosis 




Neutral Trunk Lean 
More Kyphosis 
- higher trunk angle 
Increased Lordosis 





Backward Trunk Lean 
-lower sway angle 
More Kyphosis 
-slightly higher                    
trunk angle 
Reduction of Lordosis 
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 164.0 4.7  215.1 6.9  82.7 8.0 
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Table 2: Associations between BMI z-score trajectory classes and the sagittal standing 
postural subgroups, adjusted for gender (RR = risk ratio, CI = confidence interval) 
 Posture Group 



































(1.85 to 6.53) 
 
<0.001 2.07  





(1.55 to 3.41) 
 
<0.001 1.46 




Very High 10.91 
(4.40 to 27.04) 
<0.001 2.85 
(1.07 to 7.57) 
0.036 1.70 
(0.58 to 4.93) 
0.58 
 Posture Angle 






 (95% CI) 
p Adjusted 
difference (0) 
 (95% CI) 
p 




(-3.6 to 0.8) 
0.21 2.3 
(0.9 to 3.8) 
0.002 
Low 1.0 
(-0.4 to 2.5) 
 
0.16 -1.7 
(-2.8 to -0.6) 
0.003 -0.0 
















(1.7 to 5.0) 
<0.001 -0.2 
(-1.8 to -0.4) 
0.71 
High -2.8 
(-4.3 to -1.4) 
 
<0.001 3.4 
(2.3 to 4.6) 
<0.001 -1.1 
(-1.8 to -0.4) 
0.004 
Very High -3.2 
(-5.7 to -0.7) 
0.013 10.5 
(8.6 to 12.5) 
<0.001 -0.4 
(-1.7 to 0.9) 
0.59 
 
 
